Abstract-This paper presents the design of a novel single square millimeter three-axial accelerometer for head injury detection of racing car drivers. The main requirements of this application are miniaturization and medium/high-G measurement range. We propose a new miniature accelerometer to be incorporated into an earpiece. Nanowires as nanoscale piezoresistive devices have been chosen as sensing element, due to their high sensitivity and miniaturization achievable. By exploiting the electromechanical features of nanowires as nanoscale piezoresistors, the nominal sensor sensitivity is overall boosted by more than 30 times. This approach allows significant higher accuracy and resolution with smaller sensing element in comparison with conventional devices without the need of signal amplification. This achievement opens up new developments in the area of implanted devices where the high-level of miniaturization and sensitivity is essential.
I. INTRODUCTION
T HE Si-based devices have dominated integrated circuit devices for many decades. Because silicon nanowires (SiNWs) can transport electrons and holes, with enhanced optoelectromechanical properties mainly due to the quantum confinement effect, they could function as building blocks for nanoscale electronics and advanced devices [1] . Furthermore, nanowires have a very large piezoresistance effect [2] - [6] , capable of enhancing the mechanical sensors performance, which is now actively being explored to improve silicon transistors [7] , [8] . SiNWs are also attractive for applications in the field-emission devices, photonics, chemical sensors, and spintronics [9] .
The piezoresistive effect is used for transducing, for example, acceleration in an electrical output. After an inertial force is applied to the sensor, the strain on the piezoresistive material (silicon) changes its electrical resistance proportionally; therefore, the correspondent voltage change is a measure of the acceleration by less than a constant of proportionality [see Fig. 1(b) ]. In the last decade, experimental studies on the piezoresistance effect of SiNWs agreed that SiNWs under uniaxial stress offer an enhanced piezoresistance effect with respect to the bulk counterparts [2] - [6] , [10] - [12] . The origin and behavior of this phenomenon, called in the literature "Giant Piezoresistance," is currently not clearly understood and research is at infancy stage. This effect would be of enormous impact on the performance of mechanical sensor. To date, relatively few reports on the development of SiNWbased sensors are available [13] , [14] . However, p-type single crystalline SiNWs have been studied for sensor applications [5] , [10] , [11] , [15] , [16] , [20] .
Toriyama et al. [10] studied SiNW piezoresistors fabricated by separation of implanted oxygen (SIMOX), thermal diffusion, electron beam direct writing, and reactive ion etching. In their study, longitudinal and transverse piezoresistive coefficients, π l <110> and π t <110> , were both dependant on the crosssectional area of the nanowires. The π l <110> of the nanowire piezoresistors increased (up to 60%) with a decrease in the crosssectional area, while π t <110> decreased with a increase in the aspect ratio of the cross section. The enhancement behavior of the π l <110> was explained qualitatively using 1-D hole transfer and hole conduction mass shift mechanisms. The reduction in the π t <110> with increase in the aspect ratio of the cross section is explained due to decreased stress transmission from the substrate to the nanowire. indicates sufficient sensitivity for sensing applications. Initial experimental studies undertaken by He and Yang [2] reported a very high piezoresistive effect (increased up to 3776% with respect to the higher dimension counterparts) of selfassembled single crystal SiNWs in the <111> crystallographic orientation. Reck et al. [3] later used a liftoff and an electron beam lithography technique to fabricate silicon test chips and studied the piezoresistive properties of crystalline and polycrystalline nanowires as a function of stress and temperature. They found that the piezoresistive effect in the <1 1 0> direction increased significantly as the SiNW diameter decreased (up to 633%), consistent with the results from He and Yang [2] . Finally, Passi et al. [6] recently obtained an increase of piezoresistance of up to 2140% respect to the bulk-Si in the same direction, <1 1 0>.
To date, the available published literature [2] - [4] , [6] , [17] agrees that low doping and surface-to-volume ratio represent the main parameters that boost the piezoresistance effect of SiNWs. Some hypotheses have been speculated on the origin of such phenomenon. Recently, the major culprit has been indicated to be surface-state induced effect for nanowires smaller than 70-nm width, and enhanced strain modulation of carrier mobility for larger nanowires [4] .
The use of SiNWs and yarns of carbon nanotubes as nanoscale piezoresistor [18] is a recent technology that may be embedded in the nanoelectromechanical system (NEMS). Only few mechanical sensor prototypes that embed nanowires are available to date. A good example is that of Dao et al. [5] , [12] who incorporated p-type SiNWs as piezoresistive elements in a miniaturized 3-degrees-of-freedom accelerometer.
Roylance and colleagues introduced the first fully integrated piezoresistive micromachined accelerometers in 1978 for biomedical applications [19] , [20] . An excellent literature review of micromachined piezoresistive accelerometers was provided by Barlian et al. [14] and interested readers are referred to their paper. Today, accelerometers are heavily commercialized microelectromechanical system (MEMS) application. They are widely used in automotive and space (crash detection, stability control and navigation [44] ), biomedical (activity monitoring [46] - [48] , surgical instrument tracking [43] ), consumer electronics (portable computing, cameras lens stabilization, cellular phones), robotics (control and stability [45] ), structural health monitoring, and military applications.
Our paper presents the design and simulation of a novel single square millimeter three-axial accelerometer for head injury g-loads detection for racecar drivers [21] , [22] , [25] . As accurate measuring of head accelerations is an important aspect in predicting head injury, it is important that the measuring sensor be well coupled to the head [23] . Therefore, the main requirements of this application are miniaturization and medium/ high-G measurement range to allow the accelerometer incorporation into an earpiece. In order to fulfill these requirements, nanowires as nanoscale piezoresistive devices have been chosen as sensing element, due to their high sensitivity and potential in miniaturization.
II. ACCELEROMETER DESIGN
Initial technical specifications have been specifically designed in order to address the particular application requirements (impact measurement) [24] (see Table I ). The device range measurement is for medium/high-G impacts and the frequency response goes down to dc since head injuries may have long duration transient.
The mathematical modeling of the sensor is based on the classic mass-spring-damper mechanical system [see Fig. 1(a) ]. Fig. 2 . Model of the accelerometer under stress due to external forces. The red color corresponds to the maximum displacement of the proof mass. In blue is the surrounding frame which remains undeformed. As it can be seen the beams change color gradually from blue to red due to deformation [42] .
The model of the sensing chip is shown in Fig. 2 . The proof mass in the centre area is suspended by four surrounding beams that resemble springs, while the damper is air in the model. Each beam is clamped-clamped to the fix frame and the middle point is connected to the seismic mass. The overall geometric dimension of the chip is 1310 μm × 1310 μm × 400 μm. When acceleration is applied to the chip, the proof mass is displaced due to inertial force, resulting to beam deformation (see Fig. 2 ) [42] .
The beam deformation, due to the applied stress σ (see Fig. 2 ), leads to a change in resistance ΔR of nanoscale piezoresistors proportional to the applied external inertial force A. The fractional resistance change in the measurement circuit is proportional to the output voltage drop as well, therefore representing a measure of the acceleration, as demonstrated in Fig. 1(b) . 
A. Finite-Element Structural Analysis
The material selected for the mechanical structure of the sensing element is anisotropic single crystal silicon, which has been chosen for its mechanical properties (good stress tensile strength and high gage factor) [40] . The element used for the finite-element (FE) modeling is tetrahedron. The structure geometry, selected on sensitivity criteria, has been identified by an optimization process using commercially available software ANSYS 12.1. This process consisted of an extensive stress and modal analysis of tens of different geometries with the common feature of being highly symmetric (i.e., symmetry on the principal X-and Y-axes, the respective diagonals and rotating of multiple of 90
• ). These types of geometries allow the minimizing of the overall cross-sensitivity due to a self-cancelling feature.
FE modeling has been performed to verify mechanical behavior of the structure and as well as to optimize the design. The optimization method uses an objective function which is to maximize the stress, using two constraints, the die size and the natural frequency. Figs. 3 and 4 show the optimization results of the mechanical structure under X-or Y-axis acceleration and Z-axis acceleration, respectively. As it can be seen from Figs. 3 and 4, all feasible points are below ∼5 KHz, in order to get a bandwidth set in the specification of approximately 1 KHz (see Section III-E for details). For all cases, under Z-axis and X-or Y-axis acceleration, the design points at higher equivalent stress has been selected as optimal designs.
The results of the optimization process are as follows: First mode shape (ω oz ) of 5277.7 Hz, the maximum equivalent stress σ eq at 250G acceleration in the X-or Y-axis are 44.837 and 66.041 MPa in the microscale and nanoscale piezoresistors, respectively. In the Z-axis, σ eq at 250G acceleration is 66.581 and 99.243 MPa in the microscale and nanoscale piezoresistors, respectively. By taking advantage of structure symmetry, only the equivalent stress under X-axis acceleration has been analyzed. The results for the Y-axis acceleration are equivalent.
Nanoscale piezoresistors, due to stress concentration region (i.e., the width is ten times smaller than conventional piezoresistors), show an equivalent stress that is 47% higher than the conventional counterparts under 250G. This increase represents an initial sensitivity enhancement for geometrical reasons. Clearly, progressively reducing the dimension will upraise the stress concentration effect. The first mode shape of the structure is a Z-axis bending at more than 5 kHz. This value defines the bandwidth of the device frequency response. Under an optimal damping design, the upper frequency limit is of approximately 1 kHz, as set in the specifications.
B. Nanoscale Piezoresistor Arrangement
A total of 16 nanoscale piezoresistors were placed in strategic locations on the top surface of the mechanical structure (see Fig. 5 ). Basically, in order to maximize the device electrical sensitivity, the piezoresistors were placed at the highest stress regions that were identified by FE stress distribution analysis.
A detailed image of a nanoscale piezoresistor placed in one of the chip corner is presented in Fig. 6 . Each piezoresistor is geometrically identical with a length of 3 μm and a width of 100 nm.
C. Measurement Circuit
The measurement circuit is formed by three different full Wheatstone Bridges, one for each axis-sensing (see Fig. 7) .
Hence, the change in resistance of piezoresistors is measured as output voltage drop by these bridges. The advantage of using a bridge is that as the four resistors are identical, the effect of the temperature coefficient can be cancelled out by the balanced configuration. Moreover, the highly symmetric geometry chosen for the structure allows a self-cancellation of part of the cross-axis acceleration since the piezoresistors are intentionally positioned symmetrically. There is a compensation effect related to acceleration on the X-and Y-axis. For X-axis, acceleration the A x -bridge becomes unbalanced and detects the acceleration on its output, while the A y -bridge remains balanced since, on each arm, one resistance decreases and the other one increases by the same quantity. Therefore, overall resistance on each arm remains unchanged. Simultaneously, the total resistance in the A z -bridge remains unchanged since hypothetically, one resistance increases and the other one decreases by the same amount. This also gives a voltage drop of zero output since it remains balanced. For Y-axis acceleration, the A y -bridge becomes unbalanced and detects the acceleration, while the A x -bridge remains balanced giving, theoretically, a differential output voltage (voltage drop) zero; therefore, the crosstalk is nearly zero. The A z -bridge, due to Y-axis acceleration behaves as follows: R z 1 + R z 2 + R z 3 + R z 4 and R z 5 + R z 6 + R z 7 + R z 8 remain unchanged, and therefore, the output remains zero.
Finally, as in the case of Z-axis acceleration, the resistance decrement of A x , A y -bridge is theoretically equal since the geometrical symmetry of identically designed resistance, and the two bridges remain balanced at zero volt output. In contrast, the A z -bridge, due to Z-axis acceleration, becomes unbalanced and the output voltage is the measure of acceleration. Table II summarizes the values of the resistance change: + is an increment, -is a reduction, and 0 unchanged.
In reality, the 16 piezoresistors will not be of equal resistance and nor of perfect geometrical symmetry because of fabrication errors and nonlinearity (as large deflection). Therefore, some crosstalk on the output signal is expected in the calculated values for all bridges.
III. PERFORMANCE

A. Electrical Sensitivity Analysis
The electrical sensitivity S of the accelerometer can be defined as the ratio between the output voltage and the applied acceleration. In case of in-plane acceleration (X-or Y-axis), the longitudinal stress on the beams that are perpendicular to the direction of the applied acceleration is larger than that distributed on the beam which are parallel to the acceleration orientation. Therefore, the piezoresistors to measure A x are arranged on the Y-oriented beams and vice versa.
For example, in case of X-axis acceleration, the electrical sensitivity for the A x -bridge is
where V out is the output voltage, V in is the bias voltage applied to the piezoresistor, and ΔR x /R x is the fractional resistance change of A x Wheatstone bridge that is equal to [26] .
Since the common approximation valid in the <1 1 0> direction, i.e., π l = −π t , the fractional resistance change becomes as
The electrical sensitivity in the other directions is similarly calculated. The longitudinal piezoresistive coefficient at room temperature used for the conventional piezoresistor is 72 × 10 −11 Pa Temperature drift has been considered in the calculation (temperature coefficient of sensitivity, TCS = 0.25%/
• C) since the device is meant to be inserted inside the inner ear canal (∼37
• C). Therefore, a further calculation of the sensitivity at the temperature of 37
• C and 40
• C has been undertaken (see Fig. 8 ). The latter temperature has been identified conservatively as the maximum temperature before a dermal injury of the ear skin occurs [28] .
The temperature drift, as can be seen from Fig. 8 , significantly reduces the sensitivity of the device. The linearity is not affected since the resistors are hypothetically identical and in a Wheatstone bridge configuration. Table III summarizes the sensitivity change due to the temperature drift for the microscale piezoresistors. As can be seen in Table III , the sensitivity is overall reduced of around 4% by an increment of almost 18
• C. This occurs because the increase of temperature reduces the value of piezoresistive coefficient corrected by the TCS. Similar results are obtained for the nanoscale piezoresistors.
However, the temperature drift calculated takes into account the piezoresistive coefficient variation only but ignore the variation of the resistance value, which is considered invariant, due to the small temperature range. Therefore, if we consider the resistance temperature dependence overall the total effect is deteriorated.
The calculated electrical sensitivity of nanoscale piezoresistors in the <1 1 0> direction at low boron concentration at 
37
• C, increases of approximately 3000% in comparison to the conventional ones (see Table IV ).
Cross-sensitivity is below 5% for all axes due to the highly symmetric geometry selected, as discussed in the following section.
B. Cross-Axis Sensitivity Analysis
The cross-axis acceleration is an error of measurements related to different factors: the mechanical structure of the sensor and fabrication errors that affect its symmetry, the piezoresistors location on the top surface, and the measurement circuit. Its sensitivity is calculated in percentage and it is the absolute value of the fraction of the voltage output of each axis other than the one under stress and the axis under stress. For example, the cross-axis sensitivities under the X-axis acceleration S (Ax−Ay ) % and S (Ax−Az ) % are detected, respectively, in the output of the A y , A z -bridge for the nanoscale piezoresistors as follows:
As can be seen, the value obtained for Y-axis is the same as Xaxis due to the geometrical symmetry. The cross-axis sensitivity related to the Z-axis acceleration is as follows:
Finally, the calculated cross-axis sensitivity is less than 5% for all axes. These values are consequence of the highly symmetric geometry selected, the symmetric localizations of the piezoresistors on the top surface of the device, and the measurement circuit (see Figs. 5 and 7) . Similar results are obtained for the microscale piezoresistors. In the next section, the nonlinearity is calculated.
C. Nonlinearity
The static response of the sensor (input/output relationship) is usually not perfectly linear. Nonlinearities are mainly related to nonperfect ohmic contact of piezoresistors at high bias voltage (>0.2 V), and/or due to large deflection (structure stiffness changes). The former causes the I-V characteristics to become nonlinear, the latter is typically present for slender structures. Ohmic contact can be obtained by high boron doping concentration localized in the contact pad. Instead, large deflection cannot be controlled in an open-loop device. A controlled feedback is required (actuation) as in servo or force-balanced accelerometer. Typically, the accelerometer that implements such a system is the variable-capacitance accelerometer since the actuation is straightforward.
The easier solution for piezoresistive accelerometer is to correct this nonlinearity electronically during calibration if necessary. A rule of thumb is that a large deflection occurs if the transverse displacements in a slender structure are more than 10% of the beam thickness. This last condition occurs in the proposed device approximately for acceleration over 100G and it has been taken into account in the FE analysis.
Due to the inherent linearity of the response obtained, the nonlinearity is calculated using the end point linearity method, instead of the more common best fit straight line method (BFST) or least squares BFST. This can be expressed as a percentage of either full-scale output (FSO = 500G) or ± full scale (±FS = ±250G) in G's (G is the gravitational acceleration, i.e. =9.8 m·s −2 ). The method for calculating the device nonlinearity (NL) is [29] 
The NL is calculated as the percentage of the fraction between the maximum deviation (MD) and the sensitivity S based on the FSO or FS. The result for both microscale and nanoscale piezoresistors is less than 1%FSO for all three axes.
D. Damping
Optimal damping design of the structure (damping ratio ζ = 0.7) offers the wider bandwidth in the amplitude-frequency relationship (flat dynamic response). Therefore, the gaps between top/bottom cup and proof mass of the accelerometer have been designed to work in this regime.
For vibration in the vertical direction (first mode shape), there are two main types of damping acting on the seismic mass, i.e., viscous damping and squeeze-film air damping [42] . The latter occurs when the proof mass moves up and down, the air films trapped between the bottom/top surfaces of the seismic mass and the bottom/top caps are squeezed. This damping type is more dominant than the viscous damping [42] . The damping ratio caused by double-sided squeezed-film air damping is defined by (9) , assuming that the air films have the same thickness d [30] , [42] 
Hρζω oz (9) where β is correction factor depending on the ratio between the width W and the length of seismic mass, ρ is mass density of silicon (2330 kg/m 3 ), μ is viscosity of the air (1.81 × 10 −5 Pa·s), ω oz is undamped natural radian frequency in the first shape mode (bending on Z-axis). For the proposed accelerometer, the value of d is found to be about 8.12 μm with optimal damping condition (ζ = 0.7).
Since this value endangers the beams performance for acceleration over 1000G, bumpers are incorporated in the top/bottom cup (overload end stop in the Z-axis).
For the second and third mode shapes (rotation around X-or Y-axis), the gaps between the two side walls of the seismic mass and the two inner side walls of the frame have not been designed for an optimal damping. Priority has been given to the design of an optimized sensing chip structure (beam width). This gap is 50 μm. In this case, the squeezed-film air damping effect is much smaller than viscous damping. The damping ratio is therefore smaller than 0.7 (underdumped), and optimal damping is not achieved.
E. Bandwidth
In this section, the usable frequency response of the proposed accelerometer is calculated which is defined as the flat area of its frequency response curve. To do this, it is necessary to know the behavior of the spring-mass-damper model when it is added a harmonic force. A force of this type could, for example, be generated by a rotating imbalance. The applied sinusoidal acceleration with circular frequency ω is
If we sum the acceleration on the mass, we get the ordinary differential equation:
The steady-state deflection of the spring is of the form
The result states that the mass will oscillate at the same angular frequency ω of the applied acceleration, but with a phase shift φ.
The deflection magnitude x 0 , which is also the amplitude of the vibration, is related to the magnitude of the applied acceleration a 0 by
where ω/ω n is defined as the ratio of the harmonic force frequency over the undamped natural frequency of the massspring-damper model.
As indicated by the notation, x 0 depends on the driving angular frequency ω. In particular, x 0 becomes diminishingly small when ω is sufficiently large and the accelerometer will cease to be useful for accelerations at such a frequency. In practice, the useful bandwidth within which the accelerometer is used is given by the upper cutoff frequency ω c . This frequency is the maximum frequency at which the relative amplitude remains constant and the accelerometer sensitivity remains uniform, this is true when the second term of (13) is equal to 1 and it is defined conservatively by
and is given by
where
In case of optimal damping (ζ = 0.7), γ = 0.2 and the cutoff frequency, which determine the measurement bandwidth, is 1055.54 Hz (f n = 5277.7 Hz), as set in the specification (see Table I ).
F. Noise
Noise is any output voltage that occurs when there is no acceleration applied to the sensor. There are three typical noise sources existing in all piezoresistive sensors, including the Johnson noise (noise floor or white noise), Hooge's noise (or 1/f noise, also called pink noise), and the thermomechanical noise (brown noise or Brownian noise).
Improvements in fabrication can drive the noise levels of the current piezoresistive accelerometer closer to the theoretical Johnson and Hooge asymptotes. Fig. 9 clearly shows the frequency dependence of noise in a piezoresistive accelerometer, with theoretical noise asymptotes also shown by Lynch et al. [31] .
1) Johnson Noise:
Johnson noise is due to random motion (thermal agitation) of carriers in any electrical conductor. In a piezoresistor, Johnson noise can be described as [32] , [42] V Jn(rms) = 4K B T RΔf (17) where
, R is resistance of piezoresistor at low carrier density (1 × 10 17 cm −3 ), and Δf is the measurement bandwidth. Accordingly, the calculated Johnson noises corresponding to nanoscale and microscale peizoresistors are shown in Table IV .
Johnson noise does not depend on the frequency. The noise in the nanoscale piezoresistors is increased by around 200% due to one order of magnitude greater resistance than conventional microscale ones.
2) 1/f Noise: 1/f noise is empirically determined noise, and can be estimated by [33] , [41] , [42] 
where V in is bias voltage across a piezoresistor with total number of carriers N, and f max and f min are upper and lower limit of measurement frequency, respectively. α is a dimensionless parameter called Hooge parameter which, for an implanted resistor, has been found to vary depending on the anneal [34] . For a semiconductor, α was found to be 1e −7 [25] , [35] . Several publications have shown that it is possible to decrease the value of α down to 3e −6 [34] , [36] - [39] . For a constant doping concentration, the number of carriers is calculated as N = p · l p · w p · t p , where p, l p , w p , and t p are, respectively, doping concentration, doping concentration length, width, and depth of piezoresistor. Because other noise sources are independent of the frequency range, it is necessary to specify the 1/f noise for a specific bandwidth; this is done by dividing the 1/f noise by Δf.
Finally, the total 1/f noise voltage corresponding to each measurement bridge is calculated to be approximately 30 times greater in the nanoscale devices as clearly summarized in Table IV . This is mainly due to the very low carrier concentration.
3) Thermomechanical Noise: Thermomechanical noise is the mechanical analog of Johnson noise and consists of physical oscillations due to thermal agitation in the sensing structure. The thermomechanical noise equivalent acceleration can be written as [30] , [42] 
where m is the mass of the seismic mass and T is the surrounding temperature As can be seen in (19) , the thermomechanical noise is inversely proportional to the square root of the mass. Therefore, an increase of the mass can reduce the thermomechanical noise.
4) Total Noise Voltage:
The total noise is calculated as the square root of the sum among the square power of each noise, as
A similar equation has been applied for the Z-axis. Noise analysis indicates that the total voltage noise in the accelerometer is increased by ten times in the X-and Y-axis, and four times in the Z-axis (see Table IV ).
The main contributor to the noise signal is the Hooge noise due to very low number of carriers in the nanoscale piezoresistors.
G. Resolution
The resolution of an accelerometer determines the minimum acceleration that can be measured. Resolution is defined as the noise divided by the sensitivity; therefore, the resolution of the accelerometer is defined by [42] R A x , y = V A x , y Noise S Az (25)
Table IV summarizes the sensor resolution calculated according to (24) and (25) .
The resolution of the accelerometer with nanoscale piezoresistors is improved with respect to the conventional microscale one of around 60-80% in all axes, due to their much higher sensitivity (see Table IV ). However, the noise level of the nanoscale piezoresistors is worse than the conventional microscale ones because Johnson and Hooge noises are dependent on the resistance value and numbers of carriers respectively. Therefore, given the doping concentration, smaller size means higher resistance and lower number of carriers.
IV. DISCUSSION
The results obtained from the combined FE modeling, simulation of the mechanical structure, and performance calculation of both MEMS and nanostructure are interesting for this field of study. Input values used as piezoresistive coefficient for calculating the sensitivity and cross-sensitivity are obtained from experiments of Passi et al. [6] for the nanostructure and Smith [27] for the microstructure. This study raises the attention on SiNWs as devices being embedded into mechanical sensors as piezoresistors. The improved resolution of the designed accelerometer (less than 1 mg on all axes) compared to the conventional ones with 60-80% increase (see Table IV) suggests that nanowires have the credential to be the sensing element of the future NEMS. This level of accuracy and precision of measurement is comparable to the capacitive counterparts' sensors.
To date, only few laboratory prototypes have been fabricated, as reported by Dao et al. [12] suitable for low-G measurements. However, their device [12] sensitivity for each axis is only about 400 μVG −1 , and the resolution of 14 mg which requires further signal conditioning (see Table V ).
Our work instead presents a sensor with higher sensitivity obtained by calculations (20.9 mVG −1 ), mainly because a higher stress on the nanowires. This is thanks to the optimization process undertaken that maximizes the stress on the beams of the mechanical structure, under the constraints specificied (see Table I ). The resolution in this study is improved considerably compared to the work of Dao et al. [12] (see Table V) The performance calculated of the sensor met set sensor specifications. Cross-sensitivity, nonlinearity, and resolution are under the constraints set for this type of application; therefore, the designed sensor results suitable for the biomechanical application of head injuries monitoring. Finally, the total noise of nanoscale piezoresistors results are much higher than the conventional ones; however, since in the nanoscale structures the sensitivity grows faster than the noise level, the overall resolution is significantly improved. It is worthwhile to point out that our work is based on previous published experimental works on nanowires structures used as piezoresistors. Experimental studies are currently underway and will be reported in the near future.
V. CONCLUSION AND FUTURE WORK
This paper has presented the design enhancement of a motion sensor for biomechanical measurement within a spaceconstrained environment. Due to the exploitation of electromechanical features of nanowires as nanoscale piezoresistors, the nominal sensor sensitivity is overall boosted by more than 3000%. This technology avoids the signal amplification but allows a higher resolution with the advantage of a smaller sensing element. Therefore, in comparison with conventional devices, the measured accuracy is considerably improved.
This achievement opens up new developments in the area of implanted devices where the high level of miniaturization and sensitivity is often essential. Example applications are in hearing aid systems (implantable sound sensor for cochlear implants), heart wall motion measurement for cardiac artificial pacemakers, and head injury monitoring, amongst others.
This study represents a valuable guideline for the development of future biomotion sensing devices. The development of nanowires test chips for design evaluation is ongoing at the moment. On-board car testing is planned next upon successful sensor fabrication and characterization.
